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Abstract 

Allergic rhinitis is a chronic inflammatory disease orchestrated by Th2 lymphocytes. Src homology 2 domain-containing 
protein tyrosine phosphatase (SHP)-I is known to be a negative regulator in the IL-4a/STAT-6 signaling pathway of the lung. 
However, the role of SHP-1 enzyme and its functional relationship with Th2 and Thl cytokines are not known in the nasal 
airway. In this study, we aimed to study the nasal inflammation as a result of SHP-1 deficiency in viable motheaten (mev) 
mice and to investigate the molecular mechanisms involved. Cytology, histology, and expression of cytokines and 
chemokines were analyzed to define the nature of the nasal inflammation. Targeted gene depletion of Thl (IFN-y) and Th2 
(IL-4 and IL-13) cytokines was used to identify the critical pathways involved. Matrix metalloproteinases (MMPs) were 
studied to demonstrate the clearance mechanism of recruited inflammatory cells into the nasal airway. We showed here 
that mev mice had a spontaneous allergic rhinitis-like inflammation with eosinophilia, mucus metaplasia, up-regulation of 
Th2 cytokines (IL-4 and IL-13), chemokines (eotaxin), and MMPs. All of these inflammatory mediators were clearly counter- 
regulated by Th2 and Thl cytokines. Deletion of IFN-y gene induced a strong Th2-skewed inflammation with transepithelial 
migration of the inflammatory cells. These findings suggest that SHP-1 enzyme and Th2/Th1 paradigm may play a critical 
role in the maintenance of nasal immune homeostasis and in the regulation of allergic rhinitis. 
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Introduction 

Constantly encountering exogenous antigens and pathogens 
from the environment, upper and lower airways form an effective 
defense while maintaining tolerance to self-antigens [1]. This 
mucosal immune homeostasis can become dysregulated, resulting 
in skewed immune responses, such as T cell mediated Thl, Th2, 
or Thl 7 responses. Allergic rhinitis and chronic rhinosinusitis with 
polyposis are examples of persistent inflammatory diseases of the 
upper airway dominated by CD4 + Th2 effector cells secreting IL- 
4, IL-5, and IL-13 in response to commonly inhaled antigens [2— 
4], Recently, it has been recognized that Th2-dominated upper 
airway inflammation may lead to long-term airway remodeling 
[5]. In the Thl/Th2 paradigm, the Thl cytokine IFN-y is 
considered counter-regulatory to Th2 responses [6] . Various levels 
of IFN-y were found in sinus lavage samples [7] and few studies 
have examined the direct effects of IFN-y on eosinophilic 
inflammation in allergic rhinitis and chronic rhinosinusitis [8]. 

Src homology 2 domain-containing protein tyrosine phospha- 
tase 1 (SHP-1) is a negative regulator of the Th2 related IL-4Ra 
signaling pathway. Once recruited, phosphorylated, and activated, 



SHP-1 binds to and dephosphorylates its target molecules and 
terminates the activation signaling [9]. When SHP-1 enzyme 
activity is absent or reduced, cytokine/ growth factor signaling goes 
unchecked, which may lead to abnormal responses. The 
motheaten and related motheaten viable (mev) mice are natural 
mutant strains deficient in SHP-1 [10-12]. These mice develop 
spontaneous inflammatory disorders in multiple organs, including 
manifestations in the lung [10,11,13—16]. We have previously 
reported that mev mice develop a spontaneous asthma-like 
phenotype in the lung [17], are more sensitive to allergen 
sensitization and challenge [18], and develop eosinophil-promi- 
nent inflammation in the nose similar to allergen induced allergic 
rhinitis [19]. However, the molecular mechanisms underlying this 
rhinitis in mev mice and the roles of Th 1 and Th2 cytokines in 
SHP-1 regulated signaling pathways have not been studied. The 
mev mice provide an excellent genetic model to study the function 
of SHP- 1 in the development of nasal airway inflammation. 

Eosinophilia in the nasal lavage (NAL) fluid and tissues is a 
hallmark of allergic rhinitis and chronic rhinosinusitis with nasal 
polyps [20]. The trafficking of eosinophils involves many 
components including Th2 cytokines (IL-4, IL-5, and IL-13), 



PLOS ONE | www.plosone.org 



1 



August 2014 | Volume 9 | Issue 8 | e103685 



Spontaneous Rhinitis in SHP-1 Deficient Mice 



chemokines (eotaxin, MCPs, and RANTES), adhesion molecules 
(ICAM-1 and VCAM-1) and matrix metalloproteinases (MMPs) 
[21]. MMPs are a subfamily of zinc- and calcium-dependent 
enzymes and are responsible for many physiological and 
pathological processes [22]. Previous studies have shown increased 
expression of MMPs in the patients with asthma and allergic 
rhinitis [5,23]. MMP-9 is highly increased in bronchial biopsies 
from asthmatics compared with normal subjects [24]. Tissue 
inhibitors of metalloproteinases (TIMPs) are the major endoge- 
nous regulators of MMP activities in the tissue microenvironment. 
Disruption of the fine balance between MMPs and TIMPs has 
been known to be involved in many diseases including asthma, 
arthritis and cancer [25]. 

In this study, we described Th2-skewed upper airway inflam- 
mation occurring spontaneously in mice deficient in either SHP- 1 
or IFN-y. These experimental results suggest that in the absence of 
counter-regulation, there is a default Th2 cytokine predominance 
in the mouse nasal mucosa. This may have important implications 
for understanding mechanisms deriving upper airway eosinophilic 
inflammatory diseases, as well as factors underlying the imbalance 
of MMPs and TIMPs in airway remodeling associated with these 
conditions. 

Materials and Methods 

Animals 

The motheaten viable (mev) mice were used in this study 
because these mice have milder phenotype and longer life 
expectancy compared to the original motheaten mice [11]. The 
mev (Ptpn6""'- V ) mice and IL-4 and IFN-y-null mice on C57BL/6 
genetic background were purchased from Jackson Laboratory (Bar 
Harbor, Maine). Heterozygous mev mice were bred to generate 
WT, heterozygous, and homozygous mev mice. IL-13-null mice 
were generated as described by McKenzie et al. as previously 
reported [26] and backcrossed to C57BL/6 genetic background 
for more than 10 generations. Crossbreeding between mev mice 
and IL-4, IL-13, or IFN-y-null mice was performed to generate 
mev mice on respective gene KO background. Mice were used for 
experiments at 7 to 9 weeks of age. All mice were housed in cages 
with microfilters in the specific pathogen-free environment and 
had free access to food and water. All animal experiments were 
approved by the IACUC of the Johns Hopkins University. 

Nasal lavage and cytology 

Nasal airway lavage (NAL) on mice and analysis of infiltrating 
inflammatory cells were performed using the trans-pharyngeal 
nasal lavaging technique developed by our laboratory [19]. 
Different from previously used trans-tracheal technique [27], this 
technique minimizes cells loss and gives consistent cytology results 
[19]. Briefly, the choana was cannulated with 24G catheter 
through the pharyngeal opening above the vocal cord by 
transpharyngeal approach. The nasal cavities were gently lavaged 
with 350 uL of cold PBS twice and the fluid from the nostrils was 
collected. NAL fluids were centrifuged, and supernatants were 
stored at — 80°C until assayed. Cell pellet was resuspended with 
100 uL PBS and the total cells were counted using hemocytom- 
eter. Cytospin slides were prepared and stained with Diff-Quick 
stain (Dade Behring, Deerfield, Illinois), followed by differential 
cell count of at least 200 cells per slide. 

Histological evaluation of nasal tissues 

H&E and Alcian blue stains were performed on 4 u.m thick, 
paraffin-embedded nasal tissue sections after overnight decalcifi- 
cation with TBD-2 and fixation with formalin solution 10% 



(Thermo Fisher Scientific, Ashville, NC). For histological com- 
parison, we used the same section through the vomeronasal organ. 
Nasal turbinates (maxilloturbinates) were selected for assessment of 
inflammation and septal mucosa was the focus for goblet cell 
hyperplasia. 

Real-time RT-PCR analysis of gene expression in nasal 
mucosa 

After nasal lavage, the head of the mouse was split in a sagittal 
plane along the suture lines in the skull and nasal septum. Septal 
and turbinate mucosa were collected and placed in 1 ml of 
RNAlater solution (Applied Biosystems, Foster City, CA) and 
stored in 4°C until RNA extraction. After isolation with the 
RNeasy Mini Kit (Qiagen, Valencia, CA), total RNA was 
analyzed by Real-time PCR using the Applied Biosystems 
StepOnePlus machine with standard cycling parameters. Taqman 
gene expression assay from Applied Biosystems was used to 
measure the expression of TNF-a, Thl cytokine (IFN-y), Th2 
cytokines (IL-4, IL-5, and IL-13), chemokines (CCL2, CCL5), and 
growth factor (GM-CSF). All probes for target genes were 
purchased from Applied Biosystems, GAPDH (Mm99999915_ 
gl), IL-4 (Mm00445258_gl), IL-5 (Mm01290072_gl), IL-13 
(Mm00434204_ml), IL-10 (Mm00439616_ml), IFN-y 
(Mm01168134_ml), CCL2 (Mm00441242_ml), CCL5 
(Mm01302427_ml), and GM-CSF (Mm01290062_ml). Each 
PCR run was accompanied by housekeeping gene GAPDH as 
an internal control [28]. Amplicon expression in each sample was 
normalized to its GAPDH mRNA content and the level of 
expression of target mRNA was determined as the delta Ct (ACt), 
the difference in threshold cycles for target gene vs. housekeeping 
gene. Relative gene expression was expressed as the 2~ ACt as 
described previously [29]. 

Cytokines and chemokines in nasal lavage fluids 

ELISAs were used to measure concentrations of eotaxin, 
CXCL1 (R&D Systems, Minneapolis, MN), and TNF-a 
(eBioscience, Inc., San Diego, CA) in the NAL fluids from mice. 
The detection limit for eotaxin, CXCL1, and TNF-a was 3.0, 2.0, 
and 8.0 pg/ml, respectively. 

MMP-2 and MMP-9 enzyme activity in nasal lavage fluids 

Gelatin zymography was performed for MMP-2 and MMP-9 
detection. Gelatin (1 mg/ml) was co-polymerized into a 10 % 
polyacrylamide resolving gel. NAL fluids (3 u.g total protein per 
lane) from mice were then subjected to separation by gelatin-SDS- 
PAGE gel. Following electrophoresis, the gel was washed with 
buffer containing 0.1% Triton X-100, 10 mM Tris/HCl, 10 mM 
NaCl, 10 mM CaCL, 100 uM ZnS0 4 , pH 7.4 at room temper- 
ature for 15 min three times and then incubated with the same 
buffer for 12 hrs to allow enzymatic gelatin substrate hydrolysis. 
The gel was stained in 0.1% Coomassie blue in a mixture of 
mefhanokacetic acid:water (volume ratio of 5:1:4) for 1 hr and 
destained with a mixture of ethanokacetic acid:water (1:1:8) for 
12 hrs. Densitometric analyses of triplicate data were performed 
using the NIS-Elements AR 3.0 software (Nikon Instrument Inc., 
Melville, NY). 

Statistical analysis 

The total and differential cell counts data were collected from 
multiple groups that showed normal distribution. Data were 
analyzed and compared with two-way ANOVA. All values are 
shown as Mean±Standard deviation of the mean. The mRNA 
expression (ACt), protein concentration (pg/ml) of cytokines and 
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chemokines, and densitometric results (arbitrary units) of MMPs 
were compared using one-way ANOVA. Difference with P<0.05 
was considered statistically significant. Results were analyzed with 
statistical software Prism 4 (GraphPad Software Inc., La Jolla, 
CA). 

Results 

Spontaneous eosinophilic rhinitis in mev mice 

First, we compared the cytology of the nasal airway lavage 
(NAL) fluids and nasal histopathology of WT and mev mice 
(Figure 1A, IB). WT mice had normal cellularity in the nasal 
airway with mostly macrophages and showed no inflammatory 
infiltrates in the H&E stained sections. In contrast, increased 
cellularity with eosinophilia was readily seen in the nasal airways of 
mev mice, which is characteristic of type 2 inflammatory responses. 
To determine whether specific molecules in the Th2 signaling 
pathway plays a critical role in the nasal inflammation of mev 
mice, we selectively deleted IL-4 and IL- 1 3 genes by crossbreeding 
mev mice with respective gene knockout (KO) strains. The results 
showed that mev mice with IL-4 gene KO had significandy 
decreased inflammation in the airway and in the nasal tissue 
(Figure 1A, IB). 

Role of Th1 cytokines in the nasal airway inflammation of 
mev mice 

To determine the role of Thl signaling pathway in nasal airway 
inflammation, we selectively deleted the IFN-y gene by cross- 
breeding mev mice with IFN-y KO mice. As shown in Figure 2A, 
nasal cytology of the IFN-y KO mice showed a robust nasal 
inflammation with increased numbers of total cells, neutrophils, 
and eosinophils. However, mev mice on IFN-y KO background 
showed significant increases in macrophages, neutrophils, and 
eosinophils, but not lymphocytes. Interestingly, changes in 
eosinophils were the most striking. As shown in H&E stained 
nasal sections, although some eosinophils were still infiltrated in 
the nasal tissues, most of the locally recruited cells moved into the 
nasal airway (Figure 2B). 

A Th2-skewed cytokine profile in the nasal cavity of mev 
mice 

We then determined the mRNA expression of Th2 cytokines 
(IL-4, IL-5, and IL-13) and Thl cytokine (IFN-y) in the nasal 
tissues. The mRNA levels of IL-4 and IL-5 were not detected in 
the nasal tissues of WT mice but were readily detected in those of 
mev mice (Figure 3A, 3B). In contrast to IL-4 and IL-5, there was 
basal level expression of IL- 1 3 mRNA in the nasal tissues of WT 
mice. Increased IL-13 mRNA was seen in mev mice above 
baseline but the difference was not significant (Figure 3C). These 
findings are the opposite of the changes in the lower airways of 
mev mice where IL-13 is significantly increased [17]. Deletion of 
IFN-y gene slightly but significandy increased IL- 1 3 expression in 
the mev mice, but not in WT mice. On the other hand, IFN-y 
mRNA was detected at the baseline (WT), significantly decreased 
in the mev mice, but not affected by Th2 cytokine deletions 
(Figure 3D). Thus, in the nasal airway of mev mice, IFN-y 
deficiency slightly but significantly increased IL- 1 3 expression but 
Th2 cytokine deficiencies (IL-4 and IL-13) had no effect on the 
expression of IFN-y. 



Regulation of inflammatory cytokines and chemokines 
by Th2/Th1 cytokines 

To further understand the nasal inflammatory responses at the 
molecular level, we examined the chemokine expression in the 
nasal tissues of WT and mev mice using RT-PCR and ELISA. The 
mRNA levels of CCL2 (MCP-1), CCL5 (RANTES), and GM-CSF 
did not increase in mev mice as compared with those in WT mice 
(Figure 4). Expression of GM-CSF decreased in mev mice on IL- 
13 KO background. CCL2, CCL5 and GM-CSF all significandy 
increased in the mev mice with IFN-y KO when compared with 
mev mice. However, deficiency of IL-4 did not affect the 
expression levels of these chemokines. Similar results were seen 
for CCL2 and CCL5 in IL-13 deficient mev mice but GM-CSF 
was significantly reduced in the absence of IL-13 (Figure 4C). 

We next measured the protein concentrations of eotaxin, 
CXCL1 and TNF-oc using ELISA. The eotaxin concentration in 
the NAL fluids was significantly increased in the mev mice 
compared to WT mice and this change was totally dependent on 
Th2 cytokines IL-4 and IL-13, and to a large extent, on IFN-y 
(Figure 5A). In contrast, the levels of CXCL1 and TNF-a did not 
change in mev mice compared to WT mice. However, deletion of 
the IFN-y gene dramatically increased the expression of CXCL1 
and TNF-a in mev mice (Figure 5B, 5C). 

Increased expression and enzyme activity of MMP-2 and 
MMP-9 in nasal inflammation 

We measured the expression and enzyme activity of MMP-2 
and MMP-9 in the NAL fluids by gelatin zymography (Fig- 
ure 6A) and performed densitometry of each band to obtain 
quantitative values (Figure 6B). At basal level, MMP-2 and 
MMP-9 were not constitutively expressed in the NAL fluids of 
WT. However, mev mice showed a 10-fold increase in pro-MMP- 
9 and a 2-fold increase in active MMP-2 when compared with WT 
mice. Deficiencies of IL-4 and IL-13 resulted in a decrease in both 
MMPs. In contrast, both MMPs were significandy up-regulated in 
IFN-y KO mice regardless of mev status. Expression of MMP-9 is 
more prominent than MMP-2 in all types of mice. From these 
results, MMP-2 and MMP-9 were tighdy regulated by Th2/Thl 
cytokines in the nasal airways. 

Increased mucus metaplasia in mev mice and regulation 
by Th2/Th1 cytokines 

We next performed Alcian blue staining for goblet cell 
metaplasia in the nasal airways. There was baseline Alcian blue- 
positive staining in the airway epithelium of WT mice. The 
number of Alcian blue-stained goblet cells significantly increased 
in mev mice compared with WT mice (Figure 7). Deletion of the 
IL-4 and IFN-y genes significandy decreased goblet cells in the 
nasal airways of mev mice. However, deletion of IL-13 gene had 
litde effect on goblet cells (Figure 7). 

Discussion 

In this study we showed evidence to support the importance of 
SHP-1 in the maintenance of immunologic homeostasis in the 
nasal airways. If the function of the SHP-1 enzyme, one of the 
important inhibitors of IL-4Ra signaling pathway, is decreased or 
lost, robust eosinophilic inflammation develops in the nasal 
mucosa, in the absence of any extra stimulation. This suggests 
that under normal conditions, SHP-1 is critical in maintaining a 
threshold for cell and tissue responses to normal environmental 
stimulation. Nasal cytology and histology also demonstrated a 
spontaneous eosinophilic inflammation in the mev mice. The 
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Figure 1. Effect of SHP-1 deficiency and role of Th2 cytokines (IL-4 and IL-13) in the nasal airway inflammation. Cytology of nasal 
lavage (NAL) fluid and histology of nasal airway of WT (n = 10), mev (n = 7), mev x IL-4 KO (n = 7), and mev x IL-13 KO (n = 10) mice. (A) Total and 
differential cell counts were done with NAL samples from each group of mice (*P < 0.05, **P<0.01, and ***P<0.001). (B) Representative hematoxylin 
and eosin-stained (H&E) nasal sections from each group. 
doi:10.1371/journal.pone.0103685.g001 



mRNA expression of Th2 cytokines (IL-4 and IL-5) is up-regulated 
and is accompanied by a decrease in IFN-y (Figure 3). In 
addition, eotaxin in the NAL fluids significantly increased in the 
mev mice compared with WT mice (Figure 4). Therefore, SHP-1 
deficiency-mediated nasal inflammation is Th2-skewed. Recently, 
our group reported asthma-like lung inflammation and rhinitis-like 
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nasal inflammation in the mev mice [17,19]. Therefore, under 
normal conditions, SHP-1 is an important immune regulator in 
both upper and lower airways. The SHP-1 deficient mev mice as a 
Th2-dominated rhinitis model can be utilized to unravel the 
underlying immune mechanisms of allergic rhinitis and chronic 
rhinosinusitis with nasal polyposis. 
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Figure 2. Targeted gene depletion of Th1 cytokine IFN-y resulted in a severely Th2-skewed inflammation in the nasal airway of the 
mev mice. Histology and the nasal lavage (NAL) cytology of mev (n = 7), mev with IFN-y KO (n = 9), and IFN-y KO (n = 1 2) mice. (A) Total and differential 
cell counts in NAL samples were determined for each group of mice (*P<0.05, **P<0.01, and ***P<0.001). (B) Representative H&E-stained nasal 
sections from each group. 
doi:1 0.1 371 /journal.pone.01 03685.g002 
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Figure 3. Th2 and Thl cytokine profiles in the nasal airways of the mevmice. Real-time PCR showed mRNA expression of (A) IL-4, (B) IL-5, 
(C) IL-1 3, and (D) IFN-y from WT, mev, mev x IL-4 KO, mev x IL-13 KO, mev x IFN-y KO, and IFN-y KO mice (n = 6 each). The results were normalized to 
GAPDH (as reference gene [28]) and presented as the difference of Ct values (ACt) between them (n.d.: not detected; *P<0.05, **P<0.01, and ***p< 
0.001). 

doi:1 0.1 371 /journal.pone.01 03685.g003 



Allergic airway inflammation, such as seen in asthma and 
allergic rhinitis, is thought to be mainly orchestrated by Th2 
immunity [30]. The Th2/Thl paradigm is a traditional concept 
that can explain some of the mechanisms underlying the immune 
homeostasis or pathologic inflammatory conditions such as asthma 
and autoimmune diseases [31]. Different from IL-4 and IL-5, IL- 
1 3 and IFN-y are constitutively expressed in the nasal mucosa of 
unchallenged WT mice, suggesting that under normal conditions, 



IL-13 and IFN-y may be present to maintain the balance of Th2/ 
Thl paradigm in the upper airway. This is also in contrast to the 
lower airways, where no IL-13 or IFN-y can be found under 
normal conditions. 

It is well recognized that allergic diseases are closely associated 
with an enhanced Th2 immune response with high levels of IL-4, 
IL-5, and IL-13, but accumulating evidence also implicates down- 
regulated Thl immune responses in the pathogenesis of allergy 
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Figure 4. Chemokine expression in the nasal tissues of the mevmice. Real-time PCR showed mRNA expression of (A) CCL2 (MCP-1), (B) CCL5 
(RANTES), and (C) GM-CSF from WT, mev, mevx IL-4 KO, mevxlL-13 KO, mev x IFN-y KO, and IFN-y KO mice (n = 6 each). The results were normalized to 
GAPDH (reference gene) and presented as the difference of Ct values (ACt) between them (*P<0.05, **P<0.01, and ***P<0.001). 
doi:10.1371/journal.pone.0103685.g004 



[32]. Thl lymphocytes and cytokines such as IFN-y and IL-12 
may counteract or suppress Th2 responses in allergic diseases [33]. 
Defective IFN-y production predisposes toward the development 
of allergic diseases. For example, patients with severe asthma 
present significantly reduced IFN-y production in response to 
allergen when compared to controls [34]. In our study, with 
regard to the Thl axis, we compared the naive immune status of 
the nasal airway in four different groups of mice including WT, 



mev, mev crossed with IFN-y KO, and IFN-y KO alone. The 
nasal airways in mev mice had mild eosinophilic inflammation 
skewed to the Th2 immune response. In line with the pulmonary 
findings of the mev mice, SHP-1 deficiency-induced nasal 
inflammation was down-regulated with genetic deletion of IL-4 
but not significantly with deletion of IL-13. On the contrary, IFN- 
y deficiency resulted in a robust eosinophilic airway inflammation 
with high levels of chemokines (TNF-a, CCL2, CCL5, and 
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Figure 5. Chemokine production in the nasal lavage fluids of met/ mice. ELISA showed proteins concentrations of (A) Eotaxin, (B) CXCL1, and 
(C) TNF-ci from WT, mev, mev x IL-4 KO, mev x IL-13 KO, mev x IFN-y KO, and IFN-y KO mice (n = 6 each, and *P<0.05, **P<0.01, and ***P<0.001). 
doi:10.1371/journal.pone.0103685.g005 



CXCL1; Figure 4 and 5), but interestingly, without the presence 
of Th2 cytokines. As shown in Figure 2, the mev mice with IFN-y 
KO had even more eosinophilia and less neutrophilia compared 
with IFN-y KO mice. Therefore, both SHP-1 and IFN-y are 
essential in maintaining upper airway homeostasis but IFN-y has a 
more prominent role. 

IL-18 is another proinflammatory cytokine that promotes Thl 
responses. Its role of IL-18 in the pathogenesis of allergic rhinitis is 
less clear than that of IFN-y. IL- 1 8 is up-regulated in the nasal 



secretions from patients with allergic rhinitis [35] or with flour 
allergen change [36] . It is produced by dispersed nasal polyp cells 
from AR patients [37], probably through promoting Th2 cytokine 
production. Interestingly, clinical improvement in allergic rhinitis 
patients with allergen specific immunotherapy (SIT) was associat- 
ed with increased IL-18 in the serum or by PBMC [38-40]. In an 
animal model, Levamisole (an antihelminthic) attenuated allergic 
rhinitis in mice with concurrent decreases in Th2 cytokines and 
increases in Thl cytokines, including IL-18 [41]. However, in a 
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Figure 6. Gelatin zymography for MMP-2 and MMP-9 activities in the NAL fluids of mev mice. (A) MMP activity was visualized as clear 
bands against a dark blue background of gelatin substrate in gel. Molecular weight markers were used to estimate the molecular masses of the pro 
and active forms of MMP-2 and MMP-9. Expression of MMP-9 was identified as mainly pro-forms instead of minor active forms. Expression of MMP-2 
was seen as active form without pro-form. MMP-9 expression was more prominent than MMP-2 in the NAL fluids. (B) Blots were scanned and 
densitometry was performed. Density of each band expressed as an arbitrary unit. This gel is a representative of two independent experiments. 
doi:10.1371/journal.pone.0103685.g006 



PLOS ONE | www.plosone.org 



9 



August 2014 | Volume 9 | Issue 8 | e103685 



Spontaneous Rhinitis in SHP-1 Deficient Mice 



A 




Figure 7. Mucus metaplasia in the nasal airways of mev mice. (A) Alcian blue staining of the nasal airway from WT, mev, mev x IL-4 KO, mev x 
IL-13 KO, mev x IFN-y KO, and IFN-y KO mice. Representatives of multiple samples are shown. 
doi:1 0.1 371 /journal.pone.01 03685.g007 



different study, improvement in symptom score and eosinophilic 
inflammation by steroid treatment were not correlated with 
changes in IL-18 in the nasal lavage fluids [42]. Thus, the role of 
IL-18 in AR is less clear than that of IFN-y. 

Chemokines orchestrate migration and activation of leukocyte 
populations under baseline and inflammatory conditions [43,44]. 
The CXC chemokines mainly target neutrophils and lymphocytes, 
whereas the CC chemokines recruit a variety of cell types, 
including macrophages, eosinophils, basophils, and dendritic cells. 
Recently, Fulkerson, et al. showed that both CC and CXC 
chemokines were up-regulated in an experimental asthma model 
[45] . They suggested complex interactions occur between numer- 
ous chemokines in the setting of allergic airway inflammation. To 
know more detailed immune mechanisms in the mev mice, we 
studied the expression of both Th2 and Th 1 related chemokines in 
the upper airways of mev mice. 

TNF-ot is a pro-inflammatory cytokine and chemokine for 
granulocytes including neutrophils and eosinophils [46] . Mo et al. 
demonstrated that TNF-ot was up-regulated in OVA-induced 
allergic rhinitis mouse model and treatment with TNF-oc inhibitor 
(infliximab) induced anti-allergic effects by decreasing local and 
systemic Th2 responses [47]. In addition to its effect on dendritic 
cells, neutrophils, and macrophages, GM-CSF strongly contributes 
to the activity of eosinophils in allergic inflammation through its 
capacity to prolong eosinophil survival and to generate activated 
eosinophils [48]. RANTES (CCL5) posses a selective chemotactic 
activity for eosinophils and is involved in eosinophil activation 
[49]. We measured the expression of pro-inflammatory cytokines 
and chemokines by RT-PCR and ELISA. The mev mice showed 
increased eotaxin (CCL1 1) concentration in the NAL fluids when 
compared with WT mice but not accompanied by up-regulation of 



MCP-1 (CCL2), RANTES (CCL5), GM-CSF, TNF-a, and KC 
(CXCL1). Genetic ablation of IL-4 resulted in decreased 
expression of eotaxin protein and GM-CSF mRNA in the mev 
mice. However, mice with IFN-y gene deficiency showed a 
significantly increased expression of most of cytokines and 
chemokines examined. Interestingly, Th2 cytokine-deficiency 
showed no effect on the Thl response with neutrophilia, but 
Thl cytokine-deficiency did result in a robust Th2 response with 
high eosinophilia and up-regulation of chemokines, even though 
Th2 cytokine expression was not affected. Therefore, Th2 
pathways can be considered as a 'default pathway' of the nasal 
airway. And IFN-y may have a powerful regulatory role in 
chemokine expression in the nasal airway under naive and allergic 
inflammation. Furthermore, lack of IFN-y caused Th2-like 
inflammation occurred in the presence of increased chemokines 
but absence of Th2 cytokines. 

MMPs have important physiological functions such as remod- 
eling, cell migration, and immune responses [50] . In contrast to a 
marked peribronchial tissue eosinophilia, eosinophils in the airway 
were remarkably reduced in both MMP-2 and MMP-9-deficient 
mice [51,52]. However, little is known about their regulatory 
mechanisms and signaling pathways. In our study, both MMP-2 
(gelatinase A) and MMP-9 (gelatinase B) were up-regulated 
significantly in the mev mice when compared with WT mice 
(Figure 6). Deficiency of Th2 cytokines (IL-4 and IL-13) resulted 
in a decrease in MMPs expression when compared with the mev 
mice. In contrast to this, deficiency of Thl cytokine (IFN-y) led to 
a robust up-regulation of these MMPs. Therefore, MMPs are 
tightly regulated by Th2/Thl cytokines and may play a critical 
role in the transepithelial clearance of inflammatory cells in the 
nasal airways. 
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In the upper and lower airways, mucus produced in the 
epithelium is an integral part of host defense. However, over 
production of mucus, as in mucus metaplasia (goblet cell 
hyperplasia), is one of the characteristic features of airway 
remodeling in allergic airway diseases that are supported by 
studies on animal models [53,54]. In this study, the nasal 
epithelium of WT mice showed a physiological level of positively 
stained goblet cells. This is consistent with the presence of goblet 
cells in the trachea and bronchi, but in contrast to the absence of 
goblet cells in the small-sized airways of the lung in mice under 
normal conditions. However, markedly increased goblet cells were 
readily seen in the nasal airways of the met) mice (Figure 7) and 
this change is dependent on Th2 and Thl cytokine genes. These 
results demonstrate that mucus production in the upper airways is 
closely regulated by Th2/Thl cytokines and is very different from 
Th2-dominated regulation of mucus in the lower airways where 
IFN-y is a major inhibitor of mucus production [33]. 

Our study on the men mice showed that phosphatase SHP-1 
plays an important role in the maintenance of immune homeo- 
stasis in the upper airways. SHP-1 may have a key role in the 
negative regulation of Th2 inflammation. With SHP-1 deficiency, 

References 

1. Beisswenger C, Kandler K, Hess C, Garn H, Felgentreff K, et al. (2006) Allergic 
airway inflammation inhibits pulmonary antibacterial host defense. J Immunol 
177: 1833-1837. 

2. Christodoulopoulos P, Cameron L, Durham S, Hamid Q_ (2000) Molecular 
pathology of allergic disease. II: Upper airway disease. J Allergy Clin Immunol 
105:211-223. 

3. Meltzer EO, Hamilos DL, Hadlcy JA, Lanza DC, Marplc BF, et al. (2004) 
Rhinosinusitis: establishing definitions for clinical research and patient care. 
J Allergy Clin Immunol 1 14: 155-212. 

4. Broidc DH (2010) Allergic rhinitis: Pathophysiology. Allergy Asthma Proc 31: 
370-374. 

5. Kim TH, LeeJY, Lee HM, Lee SH, Cho WS, et al. (2010) Remodelling of nasal 
mucosa in mild and severe persistent allergic rhinitis with special reference to the 
distribution of collagen, proteoglycans, and lymphatic vessels. Clin Exp Allergy 
40: 1742-1754. 

6. Pernis A, Gupta S, Gollob KJ, Garfcin E, Coffman RL, et al. (1995) Lack of 
interferon gamma receptor beta chain and the prevention of interferon gamma 
signaling in TH1 cells. Science 269: 245-247. 

7. Jyonouchi H, Sun S, Le H, Rimell FL (2001) Evidence of dysregulatcd cytokine 
production by sinus lavage and peripheral blood mononuclear cells in patients 
with treatment-resistant chronic rhinosinusitis. Arch Otolaryngol Head Neck 
Surg 127: 1488-1494. 

8. Jyonouchi H, Sun S, Kelly A, Rimell FL (2003) Effects of exogenous interferon 
gamma on patients with treatment-resistant chronic rhinosinusitis and 
dysregulatcd interferon gamma production: a pilot study. Arch Otolaryngol 
Head Neck Surg 129: 563-569. 

9. Nclms K, Kecgan AD, Zamorano J, Ryan JJ, Paul WE (1999) The IL-4 
receptor: signaling mechanisms and biologic functions. Annu Rev Immunol 17: 
701-738. 

10. Green MC, Shultz LD (1975) Mothcatcn, an immunodcllcicnt mutant of the 
mouse. I. Genetics and pathology. J Hcrcd 66: 250—258. 

11. Shultz LD, Coman DR, Bailey CL, Bcamcr WG, Sidman CL (1984) "Viable 
mothcaten," a new allele at the mothcatcn locus. I. Pathology. Am J Pathol 1 16: 
179-192. 

12. Shultz LD, Schweitzer PA, Rajan TV, Yi T, IhlcJN, et al. (1993) Mutations at 
the murine mothcatcn locus arc within the hematopoietic cell protein-tyrosinc 
phosphatase (Hcph) gene. Cell 73: 1445-1454. 

13. Shultz LD, Green MC (1976) Mothcatcn, an immunodclicicnt mutant of the 
mouse. II. Depressed immune competence and elevated serum immunoglob- 
ulins. J Immunol 116: 936-943. 

14. Clark EA, Shultz LD, Pollack SB (1981) Mutations in mice that influence natural 
killer (NK) cell activity. Immunogenctics 12: 601-613. 

15. WardJM (1978) Pulmonary pathology of the motheaten mouse. Vet Pathol 15: 
170-178. 

16. Rossi GA, Hunninghake GW, Kawanami O, Fcrrans VJ, Hansen CT, et al. 
(1985) Motheaten mice — an animal model with an inherited form of interstitial 
lung disease. Am Rev Respir Dis 131: 150-158. 

17. Oh SY, Zheng T, Kim YK, Cohn L, Homer RJ, ct al. (2009) A critical role of 
SHP- 1 in regulation of type 2 inflammation in the lung. Am J Respir Cell Mol 
Biol 40: 568-574. 

18. Cho YS, Oh SY, Zhu Z (2008) Tyrosine phosphatase SHP-1 in oxidative stress 
and development of allergic airway inflammation. Am J Respir Cell Mol Biol 
39: 412-419. 



mev mice display an allergic rhinitis-like phenotype, which is 
largely dependent on Th2 cytokines (IL-4 and IL- 13) and eotaxin. 
There was significant up-regulation of both MMP-2 and MMP-9 
in the nasal airways. In addition, our study also reveals that IFN-y 
plays important regulatory roles in the Th2 nasal inflammation in 
the nose. A study of allergic rhinitis using a genetic approach to 
elucidating the basic immunological mechanisms has not been 
reported previously. These novel findings will help our under- 
standing of the mechanisms of mucosal immunity and reveal some 
important targets to treat allergic rhinitis. Studies of a possible role 
of phosphatase SHP-1 in human upper airway diseases such as 
allergic rhinitis should be considered with SHP-1 as marker or as a 
potential therapeutic target. 

Author Contributions 

Conceived and designed the experiments: ZZ APL. Performed the 
experiments: SHC JL SYO MHO SWL. Analyzed the data: SHC SYO 
TZ APL ZZ. Contributed reagents/materials/analysis tools: TZ APL 
SWL. Wrote the paper: SHC ZZ. 



19. Cho SH, Oh SY, Zhu Z, Lee J, Lane AP (2012) Spontaneous eosinophilic nasal 
inflammation in a gcnetically-mutant mouse: comparative study with an allergic 
inflammation model. PLoS One 7: c35114. 

20. Humbles AA, Lloyd CM, McMillan SJ, Friend DS, Xanthou G, ct al. (2004) A 
critical role for eosinophils in allergic airways remodeling. Science 305: 1776— 
1779. 

21. Blanchard C, Rothenbcrg ME (2009) Biology of the eosinophil. Adv Immunol 
101: 81-121. 

22. Sternlicht MD, Werb Z (2001) How matrix mctalloprotcinascs regulate cell 
behavior. Annu Rev Cell Dcv Biol 17: 463-516. 

23. Cataldo D, Munaut C, Noel A, Frankennc F, Bartsch P, ct al. (2000) MMP-2- 
and MMP-9-linkcd gelatinolytic activity in the sputum from patients with 
asthma and chronic obstructive pulmonary disease. Int Arch Allergy Immunol 
123: 259-267. 

24. Wcnzcl SE, Balzar S, Cundall M, Chu HW (2003) Subepithelial basement 
membrane immunoreactivity for matrix mctalloprotcinasc 9: association with 
asthma severity, neutrophilic inflammation, and wound repair. J Allergy Clin 
Immunol 111: 1345-1352. 

25. Lee KS, Jin SM, Lee H, Lee YC (2004) Imbalance between matrix 
metalloprotcinasc-9 and tissue inhibitor of metalloprotcinase- 1 in toluene 
diisocyanatc-induced asthma. Clin Exp Allergy 34: 276-284. 

26. McKenzie GJ, Emson CL, Bell SE, Anderson S, Fallon P, et al. (1998) Impaired 
development of Th2 cells in IL- 1 3-deflcient mice. Immunity 9: 423-432. 

27. Takahashi Y, Kagawa Y, Izawa K, Ono R, Akagi M, ct al. (2009) Effect of 
histamine H4 receptor antagonist on allergic rhinitis in mice. Int Immuno- 
pharmacol 9: 734-738. 

28. Lee SN, Lee DH, Sohn MH, Yoon JH (2013) Ovcrexprcsscd proprotcin 
convertase 1 / 3 induces an epithelial-mcsenchymal transition in airway 
epithelium. Eur Respir J 42: 1379-1390. 

29. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using 
real-time quantitative PCR and the 2(-Dclta Delta C(T)) Method. Methods 25: 
402-408. 

30. Kaiko GE, Foster PS (201 1) New insights into the generation of Th2 immunity 
and potential therapeutic targets for the treatment of asthma. Curr Opin Allergy 
Clin Immunol 11: 39-45. 

31. Romagnani S (1998) The Thl/Th2 paradigm and allergic disorders. Allergy 53: 
12-15. 

32. Tcixeira LK, Fonscca BP, Barboza BA, Viola JP (2005) The role of lnterferon- 
gamma on immune and allergic responses. Mem Inst Oswaldo Cruz 100 Suppl 
1: 137-144. 

33. Cohn L, Homer RJ, Niu N, Bottomly K (1999) T helper 1 cells and interferon 
gamma regulate allergic airway inflammation and mucus production. J Exp 
Med 190: 1309-1318.' 

34. Leonard C, Tormey V, Burke C, Poultcr LW (1997) Allcrgcn-induccd cytokine 
production in atopic disease and its relationship to disease severity. Am J Respir 
Cell Mol Biol 17: 368-375. 

35. Vcrhacghc B, Gcvacrt P, Holtappels G, Lukat KF, Langc B, ct al. (2002) Up- 
rcgulation of IL-18 in allergic rhinitis. Allergy 57: 825-830. 

36. Krakowiak A, Walusiak J, Krawczyk P, Wiszniewska M, Dudek W, et al. (2008) 
IL-18 levels in nasal lavage alter inhalatory challenge test with flour in bakers 
diagnosed with occupational asthma. Int J Occup Med Environ Health 21:1 65- 
172. 



PLOS ONE | www.plosone.org 



11 



August 2014 | Volume 9 | Issue 8 | e103685 



Spontaneous Rhinitis in SHP-1 Deficient Mice 



37. Okano M, Fujiwara T, Makihara S, Fujiwara R, Higaki T, ct al. (2013) 
Characterization of IL-18 expression and release in the pathogenesis of chronic 
rhinosinusitis. Int Arch Allergy Immunol 160: 275—286. 

38. Ariano R, Mercndino RA, Minciullo PL, Salpietro CD, Gangemi S (2003) 
Specific immunotherapy effect on intcrleukin- 1 8 and CD 30 serum levels in 
monosensitized patients with rhinitis. Allergy Asthma Proc 24: 179—183. 

39. Savolainen J, Laaksonen K, Rantio-Lchtimaki A, Terho EO (2004) Increased 
expression of allergen-induced in vitro intcrleukin- 1 0 and intcrleukin- 1 8 mRNA 
in peripheral blood mononuclear cells of allergic rhinitis patients after specific 
immunotherapy. Clin Exp Allergy 34: 413-419. 

40. Nicmincn K, Laaksonen K, Savolainen J (2009) Three-year follow-up study of 
allergen-induced in vitro cytokine and signalling lymphocytic activation 
molecule mRNA responses in peripheral blood mononuclear cells of allergic 
rhinitis patients undergoing specific immunotherapy. Int Arch Allergy Immunol 
150: 370-376. 

41. Wang H, Zhang J, Gao C, Zhu Y, Wang C, et al. (2007) Topical levamisole 
hydrochloride therapy attenuates experimental murine allergic rhinitis. Eur - 
J Pharmacol 577: 162-169. 

42. Kim SW, Jcon YK, Won TB, Dhong HJ, Mm JY, et al. (2007) Effects of 
corticosteroids on expression of intcrleukin- 1 8 in the airway mucosa of a mouse 
model of allergic rhinitis. Ann Otol Rhinol Laryngol 116: 76-80. 

43. Commins SP, Borish L, Steinke JW (2010) Immunologic messenger molecules: 
cytokines, interferons, and chemokincs. J Allergy Clin Immunol 125: S53-72- 

44. Pease JE (2011) Targeting chemokine receptors in allergic disease. BiochcmJ 
434: 11-24. 

45. Eulkerson PC, Zimmcrmann N, Hassman LM, Einkelman ED, Rothenbcrg ME 
(2004) Pulmonary chemokine expression is eoordinately regulated by STAT1, 
STAT6, and IFN-gamma. J Immunol 173: 7565-7574. 



46. Ming WJ, Bcrsani L, Mantovani A (1987) Tumor necrosis factor is chcmotactic 
for monocytes and polymorphonuclear leukocytes. J Immunol 138: 1469—1474. 

47. Mo JH, Kang EK, Quan SH, Rhee CS, Lee CH, et al. (2011) Anti-tumor 
necrosis factor-alpha treatment reduces allergic responses in an allergic rhinitis 
mouse model. Allergy 66: 279-286. 

48. Owen WF, Jr., Rothcnberg ME, Silberstein DS, Gasson JC, Stevens RL, et al. 
(1987) Regulation of human eosinophil viability, density, and function by 
granulocyte/macrophage colony-stimulating factor in the presence of 3T3 
fibroblasts. J Exp Med 166: 129-141. 

49. Sannohe S, Adachi T, Hamada K, Honda K, Yamada Y, et al. (2003) 
Upregulated response to chemokincs in oxidative metabolism of eosinophils in 
asthma and allergic rhinitis. Eur Respir J 21: 925-931. 

50. Piirila P, Lauhio A, Majuri ML, Meuroncn A, Myllarnicmi M, et al. (2009) 
Matrix mctalloprotcinascs-7, -8, -9 and TIMP-1 in the follow-up of diisocyanatc- 
induced asthma. Allergy. 

51. Corry DB, Rishi K, Kanellis J, Kiss A, Song Lz LZ, et al. (2002) Decreased 
allergic lung inflammatory cell egression and increased susceptibility to 
asphyxiation in MMP2-deficiency. Nat Immunol 3: 347-353. 

52. Corry DB, Kiss A, Song LZ, Song L, Xu J, et al. (2004) Overlapping and 
independent contributions of MMP2 and MMP9 to lung allergic inflammatory 
cell egression through decreased CC chemokincs. FASEBJ 18: 995-997. 

53. Temann UA, Prasad B, Gallup MW, Basbaum C, Ho SB, et al. (1997) A novel 
role for murine IL-4 in vivo: induction of MUC5AC gene expression and mucin 
hypersecretion. Am J Respir Cell Mol Biol 16: 471-478. 

54. Ouyang Y, Miyata M, Hatsushika K, Ohnuma Y, Katoh R, ct al. (2010) TGF- 
beta signaling may play a role in the development of goblet cell hyperplasia in a 
mouse model of allergic rhinitis. Allcrgol Int 59: 313-319. 



PLOS ONE | www.plosone.org 



12 



August 2014 | Volume 9 | Issue 8 | e103685 



